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ABSTRACT

This paper investigates three prccisc kinematic posilicming
lcc}miqucs  with s i m u l t a n e o u s  CI1’S pscudorangc aid
carrier phase mcasurcmcnts.  lhcsc te.elmic]ucs are simple,
efficient ancl well suited for l-eal-time. posit ioning
applications. A sinmlatimdcovariance  analysis is carlie.d
out comparing the relative performance of these
techniques. The analysis indicates that Cil’S carrier phase
mcasurcmcnts significantly strcngthe.n kinematic
p o s i t i o n i n g .  W h e n  wide-al-ca diffmmtial GPS for
reducing SA clock crmrs and GI’S ephemeris errors is
available, a low Earth orbiting satellite can bc pc)sitioncd
to (1.5- 0.8 m in accuracy (3-D RSS). ‘J’he accuracy is
superior to positioning with pscudorange measurements
akmc by a fac(or  of 2 to 3. R e l a t i v e  p o s i t i o n i n g
performance and complexity bc.twecn the three te.chniqucs
are. compared.

lNI’I<OI)(J(:’J’ION”

The capability of the Global l’ositioning Systenl ((iI’S)
for high-precision mbit dc.tcmination c)f 1 iarth satellites
has long bcm studiccl [ 1], and lately demonstrated on
TO1’IX/l’oscidon  to fcw-centimeter accuracy [2,3]. Such

}ligh-l}recision  Imitionin~ requires the collection and
processing of (il’S data onhoarci as WCII  as from a
netwo]k  of ~rouncl trackitlg,  sites over a pcriocl of time.
‘1’his,  obviously, c:il] only bc clone aflcl the fact. On the
other IIand, the uniqac  continuous 3-1) covcragc  of G1’S
suggests its potential for real-time, precise positic)ning,  of
nm’illg  platforms ( )f particular interest is mctel-levc]
real-ti 1 nc positioning of aircraft ancl low 1 iarth satellites in
the pJ csencc of hiph dynamics where only kinematic
posit i[ming  is clecn ml appt opriate. I’he ultimate accuracy
of  llal-time  kincmlic  pos i t i on ing  i s  l im i t ed  by
uncel[ainties  in (il’S cphen]eridcs  and clock instability
due to Cil’S Sclcctivc Availability (SA).  The SA effects
can bc re.rnovcd  by diffcl cncing the CIPS measurements
with (Iata fmn a local or regional network of ground
rece.i ve.rs [4,5]. Wick- awa cliffcrmtial CiI’S (WAIXiI’S)
positi(ming [69] would reduce both (il’S ephemerides
and clock errors t)y uploading to the users (e. g., via
geosynchronous sa[clli[es) corredious  to WS clc)cks and
ephcli mides  dcte.rl nitml by a larger network of ground
receivers. To keep the onbc)ard  processing simple, the use
of only pseudoranpc II m.asuremcnts  has be.cn propc)scd for
thCSe techniques.

It is well known thtit CiJ’S pscudomngc n~casurcmcnts
provi[ie.  absolute but crude positioning infcmnation while
car-rict  phase Incasuremcnts  provide precise infcmnation
of positicmal  c}lanpe. Combining the two data types yields
fal- l~ttcl ~)c)sitioflillg  a c c u r a c y .  H o w e v e r ,  each
contit]ucms  p a s s  o f  c.arlicr p h a s e  masuremcnts  is
accorl lpanicd by all unknown phase bias. l’hese biases
have to be reinoved or es(irnatcd  in the filtering process.
} ;or rral-tirnc prccisio] 1 positioning, therefore, the need for
an efl Icicnt onboard est in Iat ion tcchniquc  bccomcs  a great
challcngc. Different e.stin~ation techniques can be USCCI to
deal with these biases and to combine the information of
the two data types. ‘1’l]is  I ~al)cr-  investigates three cfficicnt
tcchrliques  for kincll]atic  posi t ioning usirls b(Jfh GPS
pscucior-:in~e  and conti Imous car!-iel- phase data t yl)cs.

in the following. sections, the functional algorithms fol the
three positionirr: kctlniqucs  are clcsc[-ibed; their superior
tracking accuracy ovm the pseudoranp,e-cml  y tl-acking  is
dc.monstrated;  their rrlativc cfficic.ncy and weaknesses are
discuwcd; and their Perfor”lnance  with regional as WC]] as
wide- area differential (il’S ccmections is ccmpared.
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GI’S kinematic posi(ionin:, (cchniqucs rdy solely on Cil’S
n)casumnents  fol the delcrminalion  of the user position.
In other words, the positions bclwccn ciiffclcnl epochs fire
no{ Klatcd by any orbit  dynamics. Such positioning is
thcrcfol”c flee frmn clynatnic emot-s; and there is no need
f o r  an orbi t  inlcgralor,  s i m p l i f y i n g  t h e  onboard
computation

10 silnp]ify the o n b o a r d  cs[imation p r o c e s s ,  GJ’S
pseudorangc I~]c.:tsLI!c[])c]~ls  akmc have been proposcc]  in
the past for most mal-time positioning aJqllications. in this
J3apc1, we Jmqmse  Ihc usc of both pseuctorangc  a n d
c a r r i e r  phase nw.asumncnts for bctlct positioning
accuracy. in the fo]lowing analysis, wc shal J assure that
the onboaKl  GJ’S rcxwive.r is capable of producing
pscudm  :ingc and car!”ict p h a s e mcasulcnlcnts fmm
multiple G1’S sate.llilcs.  ‘J”hc pscudorangc measurements
fit a sit)$lf epoch are used for a crude dctel-rnination  of the
user 3-1) Jmition  and clock. ‘1’tmse m then used as the
nominal values for the calculation of measurclncnt
J>ar[ials, and al-e combined with the carr ier  phase
nlcasurcmcnls in the subscqucnl  p rec i se  cstilnation.
Pseuctorange mcasurelllcnts  arc valuable in speeding up
the convcl-gcnce  of the phase bias cstilnates, and thus t}lc
user position and cJoe.k estimates. On the otlm hand,
car(icr  phase mc.asurcnlents pmvirtc t i c s  bctwccn
successive tinr Jminls, thus impmving the positioning
accuracy.

Wilhout  any clata ctiffcrcncing with ground measurements,
the positioning accumcy  will bc limited by tbc huge GI’S
clock crmr at[l-ibuted to SA dithc]-ing. Other er I or sour CM
incJude G1’S  cphcnlcris  error, ancl ionospheric delay if
only single-frequency mcasurcnmts  are available on
boar(i.  SA cffc.cts can be rmovccl  by re-tmnsmitting, a
grouncl rcccivcr’s  GI’S mcasurcmcnls (compressed ancl
t ime - t agged )  and  taking diffcrmces  with the uscl
n~casurcmcnts.  A network of 6 ground sites will suffice
for worktwidc covcragc;  but mcasurcmcnts from only cm
or two ground  sites tire ncckd at any onc ti[ne. q?w
proposal  wiclc-area  diffcrcn[ial GI’S will cstirnate Cil’S
cphell~crirics,  iol~osI>l~cric a!](ltrt)j]()sl~heric  dclaysal~(l SA
cffem using G1’S  mcasurcmcnts  from a network of
ground stations and broadcast the estima(cs  to usrxs fm
cliffcmncing.

Tt~etl)tcc J~(~siti(~l~il~ g,tcctlt~i(lLlcs t(~t)cil~ve.sti~ ate(i will bc
cal led the l~oll-ciiffcl-c.lltial  te.chniquc,  the sinlple tinlc-
diffcrential technique. and the moclitied  tim-differential
technique. ‘1’hc time-differential oJmration  aJ>J]lics  to
carrier phase mcasurcmcnts only. No time-diffel-cntial
opc’rlilion istobcaJ>JJlic(i  tc)JlscuC]c)r:~ llgclllcasL)l”clllclllsill
any of the techniques.

1’111; NC) N-l)ll~J~ltR1tN’1  ’l Al. TIWIINIQIJE

~’hc estin~alion Jwoccss can cffrcicntly bc czirlicd out in
t e r m s  o f  ii Squar-c-koot lnform:itlon  J’iltcl- (SRI]’)

formul;ition [10]. W)tll t h i s  forIl)ulalioIi, the (icl-iva(ioli
aIId expl:ination of Ill? Cslilllation Jwoccss are also ]nadc
clear.

2’IK es~imated palalllctcw inclu(ie t h e  4-1) useJ c~{rmtz
state (Jmition  and c]ock)  tind carlicl-phase biases, totaling
1? witli a mccivcl of 8 ci)annels.  All these are t!ca[cxi  as
wrhitc-lloise  paralllctcxs;  tlm 4-J) user st:itc is to bc lcsel
(i.e., white-noise upciakd) tit evcty CpOCII whcIcas cacII
oft}leJ)llasc.t3i:lscsis t[) bc ]csct only uIhc.n its continuity
Cc:iscs.

‘l’he Sl<li~  matrix cqufilion  of the estimation is

AY.Z (1)

where A is the mzitIix  of nwasurcmemt  J>artials; 1’ is k
vcclol ofcstimatc.d  palaIne[cIs;  and Z is ttic mcasurenlcnt
vcctol. The crux of the estimation process is the
tritiIlglllari7.atiot~ of A. 1x1 the triangulari7.cd  S1{ll: mat[-ix
c.quat  it m be

RY=Z’ (2)

where thctrial~plllzilizc~i n~atrix Rcan  bc wl-itten as

(3)

IJcre, X is a trian~ulaf  matrix associating the 4-1) USC. I
cunellt state; (is a rcctatlgulat lna(rix  conelatin.p the 4-l J
state :tnd the phaw biaws; and 11 is a ti-iangu]ar matri~
awoci:tting  the phaw t)iaws.

II is well known that :i white-noise update (stochastic
~] J>clat(i  t~gel~cral)( lftipal-;ill~ctcri  l~v()lves  the Jwmutation
of Lhal paramctcl  to Illc 10J3 of the SRII: matrix; after re-
tria1~p~llari7.ati~)  1~, tile t(JJlrc]w' (~ ftl~e. ~~~atrix which contains
tl~esll  lr)othir~g ir~foll~la tior~is put asicle. Such permutation
an(i le-tria11gLllari7.atiO1l are not nce41ed for resetting,
J>aralllcters wtlich arc orip,inally placed al the top of the
J>arall  w.ter list. Ikcausc  tlw 4-1) user state is to be reset far
l~~orefrecluc~~ tlytl~fit~t}~c  phase biases, it is recomn~cndcd
tobc Jdaccd before t}w phase biases for better cfficie.ncy.
Since only white-noisruixiatc is invo]vccl,  a gcncrali?ed
stoctl:isticu  l~datil~~f iltcrisl~ot ncccle.d,  Also, for the rcal-
tiloc applicat ion of illtclcst here. , tllc stnoothin~
inforlllation can bc ciiscarded  altogclhcr.  Them silnplify
tllcfil[c.rir~g J>toccss,\\tlicll isoutlined  inthcfollowin.g.

The ~hase bitiwx :irc i(icntifrcd  by the. receiver channe.]
numtmrs and arc indcJ)cnden(  of which GJ’S arc bcin.g
obsc Id. Ctlanrcs  of GI’S being observed in any
ctlantlc] pr(~~’i(ictl]cfl:t:,sfol  phasebreaks.

~’hc~+l~ite.-l~oiscu  ~)cl:itcfol thc4-J)state, which occur’sat
ever) epoch, can k done by simply discarding X and C
while leaving Bal(mc. “1’hr white-noise up(iate fora phase
bias w’hcn ils colltirltlity  ce.ascs requires the following
oJ>cm[ionson  B: (I)]lmvc  the column associating the bias

:)
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l?ig. 1. ‘1’hc SRIF matrix operations for the
white-noise update  of a phase bias

to k updalccl 10 tl~c Ie.fl sick of A’; (2) pmlially
t r i angu la r  B so that all bul cm element in the tirsl
column arc mrocd and (3) discard the first row ancl tbc
first column. Fig. 1 dcI>icts tllcscll~atrix  opcrationsc)n B
wherekfl  f(hbiasou  lof  the sixassumeclis  tfcins white-
noise upclatcd, in this flgurc,  the shaded areas imply nmr-
zcro elmcnts anct the clear area imply 7,ero elements.

The n]casurenwnt  update can efticicntly  be done in two
steps: (1) pallially t!-iangulariz,e the S1<ll;  ]natrix fur tile
nc.w measurements so that only X is fully tliangularimd,
which also yiclcls a ncw C ant] (2) combine the. un-
triangulari7,eci  part o f  t h e  n e w  mcasurelncnts w i t h
previcms  B and triangu]ari?e to yiclcl the upclatccl 1{.

Fig. 2 pmvidcs  a functional sketch of the above SRIP
matlix operations for two consecutive epochs. It was
assumed that no phase bias update occurs bctwccn  r,,. 1
and fnwhcmas  a bias upda[c occurs between 111 ancl l,l+l.
In this figure, changcsin  fill pattern indicate changes in
the matrix elements as a result of the matrix operation,

Although it may appear to bc complicated, the actual
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Fig.  2. A functional skclch  of the SI{l F
matrix operations for the estimate of X

:ilgorilhm is quite sinlp]c. Bet}) the while-noise updates
and tlkr me.asulclnenl  updates involve only simple matrix
operations of small sizes ancl can bc carried out fast.
Hcncc, the tcchrlic]uc is wcl] suited fo r  r ea l - t ime
applic(lticfns.

‘1’111; SIMI’I,lC ‘I’lhlll-l)l  I~I~l;l{ItNrI’]AI.
‘J’]~~)lN]Q~]j;

‘1’hc  usc of G}’S carlicl J>}lase I)le.asurelnents  mcluire.s ttlc
estimation of phase biases in the above ncm-differential
tcchniquc, These p}law biases can bc. removed from the
estimation b~ tiIIlc diffcrcncing  the.  carr ier  phase
llicas~l[ell~e.l~ ts, lcat’it~~  only the4-lJ state to be estima(e.cl,
'l`hc. cliffcrcllci{lg carlt.)c takc]leittler  relati\?et() a fix epoch
or bc.twccn collsccutivc tilnc points. The latlcr is suitable
for the till~c-diffelc~lti:il  tcchniclucs to bc investigated,

‘1’he.  wctors  of /i//cf/rizcd non-diffcrmtial  carrier phase and
l>scl)cl<)larlgcl  llc.asLllcillc lltsatat illlctnlla\,c.tl]c following
functi(mal fcmns:

C/+( = A,, X,, + 11 ; /1=(), 1,..., N (4)

tin d

1’,( = A,, X,r (5)

v’here Xis the 4-l JusrI curie.nt state vector, B the vector
of caljier  phase biases ancl A the matrix of measurement
parli:ils.

‘l’he simple tilne-diffctential  carrier phase measurements
a r c  i[mmccl by taking differences of (4) between
consexwtivc.  tillm Jmint\ to eliminate the phase biases B:

Aq,j = (+, - (), ,-] ; )1= 1,2, . . ..N

=A,,  X,/- A,, ]X,,. ] (6)

With A@,l observing 4 or more (31’S  satellites, one can
nlake  a precise es[ilmtc of the, change in the. 4-D state

A}:n  = Xn - X,l- ] (7)

I .et this estimate bc AX;,. Also, let the crude estimate of
X), LI <i ng t h e  (l~(~li-:liffcrc~ltial) pscudorange nleasure.-
] [~ents be AT,,. I’hcn ttic con lbined  estimate of the state can
bc wlilten as

(8)
i.= X()

The  JCcursivc fmnula  (8) is attractive in that it is
cxtreliwly sinll~lc t{) cfilculatc.  IIowcvcr,  it suffers from
two weaknesses as will bc maclc clear in the following,

l;cl. (8) can bc re-writtrn a~



‘1’his  equation clearly indicates that the absolute. fix of the

positioning relics on the fiI-Sl tcrln in the brackets, which

amounts to the n)can  Vallle of A?’,t ; the seconci t m n rclfilcs
the relative position bet wecn different epochs t,l. la other
words, the accLlracy of t}]e state estimate clcpemds heavily.>.
cm the quality of the pscLldorange  eslimale  1 ~1 oveJ the
continuous p;iss.

Anotbcr  weakness of (8) is that the, correlation between
A~,jcal~l~c)t bctakcl~care  ()f. lgl~()ring ti~iscor[e.latio1~ wilt
dcgraclc the estimation accuracy. Howcwcr,  in the
presence of otbcr misnmdcling  mm-s such as in G1’S
ephcmcridcs  ancl SA clocks, the cffcck  of ignoring, the
clata comlation  is insi~nificant.

T1lI? MODIFIIH)  lllhllt-I)llil~lCIllCNl’lAI.
TICCIINIQUI1

The simple time-cliffe.rcntial tcchniqLlc. above can bc
moctitied  to rccovcr  the absolute J)ositioning information
embcd(ie.d in the. earl-ier pbasc.. The modification applies
only to the estimation process. The pseudorange ancl timc-
ctiffcrmtial carrier phase nlcasurcmcnts remain the. same
m in the simple tim-ctiffcrcntial  technique so that carrier
phase biases arc removed.

W e  obscl-ve from (6) that the differential phase
n~casLmnmlk  at t,, art  a function of bol}~  X,, and X,,-].
Thus, instcacl of solving for AX,l one can solve for Imf)t
Xt, and X,,. I. I’bis will recluirc al each tin)e point tbc
estimation of eight filter slates (two sets of 4-D states).
The estimate of X), at 1,, using A@,l  and R,, is fu~lhcr
upctate.ci at /,, +1 whe.n A@l+j  anct R,l+l arepmc.essed.

The mociificd tinm-differential technique recovers the
absolute positioning infonnalim  in the carrier phase
measurements. ‘I’his tcchniquc  remains simple and is more
efficient in processing than the ncm-differential technique
abcwcwhcn thenunlbc  rofcarrie  rJ~hasebjascs at any one
time is higher (ban 4. The corrclaticm  between the
nleasurerncnts  still cannot be taken care of. IIowcver,  as
with the simple time-differential te,c}~niqLle,  tbcsc effects
are insignificant in the presence of other mismodcling
ermrssuc  hasin GI’Sel]}lcllleri(  lcs:itl(lc  locks.

COM1’ARISON OF I’lRIK)I?NJANCE

The algorithms for the above three kinematic positioning
techniques were coded into J]’] ,’s orbit estimation
software sys(cm ~JIPS’I’/OASl  S-l 1 [ 11 ]. A covariancc
analysis was carried OUI  comparing the techniques. The
user was an llartb sate.tlitc with a Sun-synchronous
circular orbit at an altitude of 7(N km. The. GPS Primary
Satellites Gmslcl]ation 112] was assumed. lonr@~eric-
fl’el (dual -fl-ccluency conlbincd)  pseLldorangy? ancl ca! rim

E’201--’ r”1’’’’’-”l
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l~ig. 3. User 3-1) p o s i t i o n  error  due to
G1’S SA clock dithering

phase Incasurcnlcnts  WCJ c simulated fo~- one hour al one
n~inutt intervals. At ally epoch, between five and eight
GPS satellites were obscl vcd.

Without  ground GI’S observations, the onboarcl kinematic
posit  i(ming is lill~ited by the SA clock d i t h e r i n g .
l’se.uclmange anti cdrj icr phase nlc.asurcmcnts  are cqu:illy
CorrLIJ>tCd by theSC CffeCt S, which are typically tc.ns of
meters i n  magnituclc. Gmscqucntly,  carric]- pbasc
measurements W’OLIICI  IIave to bc bcavily dewcigbtcd ancl
thus would lose theil- stlcngth and the positioning would
rely on pseudoran~e  nlcawrremcnts  only. Fig. 3 shows
the 31)  user positio[ling emor due to t}w simulated 5A
dithel ing.

‘J’hc SA effects can bc removed if, at any epoch, each
G1’S satellite obsmd by the user is also observed by a
gl’oLlrld station and the information re-trarlsrnitkcl to the
Llscr for diffcrencinp. 1 m this study, four globally
distritmted stations a t  @ldstonc, CA; ~anbcrra,
AusbAia;  Madrid, Spain and Usuda, Japan were
assurlicd, At tiny epoch, each GJ’S satellite observed by
the user was also sin mltaneously  observed by one (and
only one) of these slations. ~’he common ~11’S view
periods are shown in Iiig. 4.

l~ig. 5 compares  the rclat ivc pcrfrrrmance  of the three
cstimition tcchniqLws urdcr  the influence of data noise
only. Tc) investigate bow earl-ic.r phase njcasurcrncnts
strcn~’then the positioning,, the results using pse.uckmnge.
n~easuren)cnts  alone were also included in the figLtre. I’he
data t Ioise assurnc.d  was 1 m for pseudorangcs  and 1 cJn
for c arrjer phases on cac.h recci VCI-. ‘J’hc  i m p r o v e d
positioning accLlr acy by adding tbc carrier phase.
n  wasurenmts  is si~nificant over t he  resLllts u s i n g
pse.u(kmangc data alorlc.

Fig. 5 includes only tile effccls  of data noise. (M]cr error
soLlrces considered irlcludc  10 cm zenith troposphc}-e at
each ground station, 5 c[n in each ccnnponent of station
]ocat i on, 1 m station clocks  ancl 2 m in each cornpmcnt
of [;1’S orbit error, Although tbc troposphere and the
stati(ln l o c a t i o n  c{ill  bc bet ter  lnodelcd, t h e y  a r c

A
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Fisz. 4. Common  view Dcriocls of GPS sa te l l i t e s
“lmtwcen the user anti four ground stations
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Fig. 5. User positioning error duc to data noise
(lm pscuclorangc,  lcm carrier phase)

insignificant in the presence of the dominating, GPS orbit
error. The total user orbit mcms are shown in Fig. 6. The
higher error associated wilh the non-differential technique
is due to the. high sensitivity of the tightly weighted non-
differential phase measurements tc) misnmdeled GPS orbit
error which is far greater than the 1-cm data weight.
Time-differential phase nmasLlrem~cnts, by nature, are far
less sensitive to such slowly varying misnmdeled errors.

‘1’hc high sensitivity to mismodeled  errors with the non-
diffcrcntial technique can be alleviated by cfe.weighting  the
carrier phase measurements relative to the pseudorangc
measurements. However, its intl-insic optimal data
weighting will also be violated; the effects due to data
noise (Fig.  5) will conse.qumtly  increase, nullifying its
advantage over the tim-differential techniques. Fig. 7
shows the tc)tal user positioning error where the. can ier
phase mcasurcmcnts  were dcweighkd  at 10 cm fcm the
non-differential technique and at 2 cm for the modified
time-differential technique. The simple time-differential
technique is not affected by data weighting since the. two
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l’ig. 7. Total user positioning error with
rc~:ional differential (;1’S, l’hasc  data were

clcwwightcd at 10 cm for non-differential
tcchniquc  and 2 cm for modified timc-

differential technique

data types are used sc})arate.ly and their results combined
using, (8).

la ad[iition  to rcrnovi!ig  SA effects, regional differential
GPS also reduces the effects of CiPS orbit error thrcmgh
conmmn-mode  cancellation. However, the degree of such
cancellation diminislws  as the separation between the user
and the. reference gi cwnd receiver increases. The reduction
of G] ‘S orbit cm or earl be. gleatly enhanced by wide-area
diffeltntial  GI’S (WAI)GI’S),  The GPS orbit errors arc
now ] educed in two ways. First, the orbits are better
de.ten 1 lined with the n)casurements  from all the network
rccei\crs.  Semncl,  tlw effective receiver separation for
corm Ion-rnodc  cancellation, now between the user and
the crntloid  of the netwc)rk, is shcmtcned.

Fc)r a North-Americarl  mtwork  the wide-area differential
correcticm,  after extrapolating ahead by 6 sec for real-time
use, is cxpcctecl to have a rcsiclual  SA errc)r c)f 1 % and an
adcfiticmal noise c)f 5 et)). The carrier phase data am
accoriling]y dewcirhted  tc) 5 cm. The. effects of data nc)ise
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Fig. 9. User positioning error due to
residual SA errors for WADG1’S

..!

and the residual SA errors  are shown in Figs. 8 and 9,
respect i vcl y.

The cffeets of data noise for all three techniques using
both cmier phase and pscudorangc measurements reduce
very rapidly to bckwv  1 m. While the. non-differential
technique has the lowest error for its optimal data
weighting, the modified time-differential technique is least
sensitive to the residual SA error. The simple tinle-
diffcrential technique appears to have the highest
sensitivity to both data noise and the residual SA errors.
Note that the non-differential technique is sensitive to a
peak SA error bctwccn 5 and 9 minutes past epoch, again
due to the tight weight (5 cm) on the. carrier phase
measurements. This SA error could be. lowered by further
deweighting the carrier phase measurements, with an
increase in ciata noise effects. The time-differential
techniques effectively reduced the peak error without
requiring furtiw datti ciewcighting.

The wide-area cmrcction  for G1’S ephemerides was
assumed to have a residual 3-1) 1<SS erl-or of 0.8 m, This
en-or is further rtxiuced  by a factor of -4 when the.
measurements arc “m-rccted”, which is equivalent to a

CI.6

0
f+)

oHill H
o 10 20 30 40 50 60

Time (rein)

Fip,. 10. l) ffccts  of rcsiduai  GPS ephemer i s
error  on user positioning with WADG1’S

o 10 20 30 40 50 60

Time (rein)

Fig. 11. Total user positioning error
with WAI)C=I’S

ciiffel  cntial operation with a fictitious station at the
centl ~lid of the NOI lh-Anmican  net work. Thus, the
d~fentltial  GPS orbit  position error is about 0.2 m. The
corresponding usel 01 bit error due to this GPS orbit error
is shown in Fig,.  10. The effects on the three techniques
usinF both carrier phase. and pseudorange measurements
are rwarly  equal, and are lower as compared to the results
using pseudorangc nmasurements  alone. Fig. 11 shows
the tc~tal user positioning errors including the effects of
data lmise, the residual SA error and the GPS orbit erl-or.
The lm-formance  will) tile three techniques using both
carrier phase and ~mu(iorange  measurements are superior
to that with pseuclorangc aione.

OTll ER A1’PR(JACIIKS

C)nc way of usinp imth pseudorange  and carrier phase
data types in kimllatic positioning is to combine the two
(iata types into a si(l~le ciata type before. the estimation
process. The cal tier phase data are used to cumulatively
smooth the pscuciorange data, The resultant data type,
whictl  is commonly called ccmicr .wnooIhed pseudorange,
will I)C treattii as pscuclordnge  nvxasuren~ents  but with a
lmm data noise by a factor of square-root of N where N

6
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is the nulnba  of cumulative time points fo] the s]noolhing
of cent i nuous phase nlcasurcnmnls. ‘I”he cflects of
nlisnmclckcl syslcnlalic errors will k similar m the
kincnla{ic p o s i t i o n i n g  with r e g u l a r  pseuclorarrge
rncasure.nwnts, which are higher th:in with the thl-ec
technirlucs using both data types (cf. h’ig. 10). AlthouSh
the positioning involves the estimation of a 4-1) user stale.
only, the data snmothing and the bockkecpin,g of the
cumrrlativc  tin]c count AT for each continuous carrier phase
stream requires acklitional  conlputalicms,

Another possible approach to reducing the onboard
estinlation paranlctcrs for kincnlatic positioning is that of
s i n g l e  differcncing bctwccn  diffyent  G}’S sa te l l i t e s
observed. I’his approach will reduce the number of
cstin]alcci  paranwkrs  by 2 (user clock and rcfel-ence phase
bias) and the nulnbcr of nwasurcmcnts by 2 (one for each
cltita type) at any epoch. I]owever,  the saving is Imt
v’ithoul  an expe.nsc. When the rcfcrcnce  GPS satellite
from which other’s al-c diffcrcnced  becmnes  invisible, a
new refercncc  needs to bc defined and the correlations
bctwccn the new and previous diffcrenccd  phases neccl to
bc calculakxi  Whether the gain from the reduction in the
numbers of estimated paramcle.rs  and nmasurcn)cnts  will
more than offset the added conq>licalion relnains  “
investigated.

cC)N~l,llSIONS

T h r e e  prccisc kincmalic  Jmiticming tcchniqLles
sin~ultancoLls  GI’S pscudorangc a n d  c a r r i e r

to De

using
phase

n~casurenwnts have been investigated. These techniques
are simple to implcnmt and cflicicnt  in cornpulaticm.  A
3-D positioning accuracy of 0.S tc) 0.8 n) can be expected
when wide-area differential corrections of Cil’S  orbits and
SA clocks arc available. in the. case of regional differential
corrections, the positioning accuracy is expected to be
bc(tcr than 2 In. The accuracy is superior to positioning
witt~ pseudol-angc  n~casurements alone by a factor of 2
to 3 under both circLlnlstanccs.

The 1~(~1~-cliffcrel~tial  technique rcqrrires  nmre conlputation
in the cstin~ation  process but has an optimal data
weighting an(l yields higher accuracy in the absence of
mislnodekd  systmnatic  errors. In the presence of these
errors, the earl-icr phase data have to bc propcr]y
dcwcighted  to kczp the sensitivity to these errors low,
thus (icviating from its optimal data weighting. Ilre. to the
SIOW  tinw varying natLlrc  of nmst n~ismodcled  errors, the
two tinm-ciiffcrcntial  technique.s do not require such (iata
cicweighting. ‘J”ilc sinq>le tirne-differc.ntial  t e c h n i q u e
results in higher positicming error but is cxtremciy simple
in execution. The modified tinlc-differential technique
appears to bc i(ical for rcai-time kinematic positioning fo]-
its simi)iicily anti ovcrali  best performance.

Aitimrgi~  a iow 1 iarth satciiite has been adopted as the
user in the analysis earl-ied ou( in this paper, the
techniques arc rca(iiiy  applicable to other n~oving
piatforms in ti]c air, on iand or water. In particular,

illlpl OWd  KCLII”N’)’ cal I bC  CXpCCkXl fOl”  I}K’ ] kjl~llIIKv)l of
‘1’ranslmrt  at ion’s pmposfxi Wi(ic Am A u g m e n t a t i o n
Syste]ll (WAAS)  wi[ii tile. inclusion of carricx p h a s e
ll~casulcmcnts using the tc.chni(iucs  invcstigateci  in tilis
papm. The inq>rovcd accul acy wmrlci elc.vatc WAAS onc
step cl{mr to a stan(i-alone aircraft landing systcm.
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